Introduction

!
Magnetic resonance imaging is the method of choice for imaging of the spine and can identify virtually all clinically relevant pathologies, including degenerative and inflammatory, as well as traumatic or neoplastic lesions [1] . Axial T2WI of the spine and spinal cord is prone to a variety of artifacts, especially in the cervical and thoracic region [2] . Different imaging techniques have been developed with the aim of reducing artifacts. One way is to increase the speed of data acquisition by using parallel imaging [3] . Another way is the correction of translational and rotational movement during image acquisition using Periodically ROtated overlapping ParallEL Lines with Enhanced Reconstruction (PROPELLER or BLADE) sequences which have been shown to be beneficial in several studies. The application of this technique improved image quality in the heart [4] and abdominal examinations [5] as well as in head and spine imaging [6 -9] by overlapped sampling of the k-space in a rotating manner. In the cervical spine it provided good results in sagittal T2WI [10] by reducing the extent of artefacts. It reduced motion artifacts caused by pulsatile flow of vessels or CSF, swallowing as well as truncation artifacts. Many patients undergoing MRI of the cervical spine are in a clinical condition which makes it difficult for them to cooperate sufficiently, resulting in active patient motion followed by a decline in image quality. Besides pulsatile flow and cross talk artifacts, chemical shift artifacts at the transition between the junction of CSF, dura mater and epidural fat obscure the dura layer in conventional TSE or fast spin echo images. Furthermore, CSF dynamics frequently impair the delineation of subarachnoid spaces due to superimposed flow effects around the spinal cord leading to difficulties in the differentiation between the epidural and subdural space, as well as lesion detection in this compartment. Recent studies showed that use of the BLADE technique for sagittal T2WI of the cervical spine [10] and for coronal T1WI of head and neck [11] makes it possible to significantly reduce different artifacts. Axial T2-weighted images depict the anatomic structures and signal changes of the cervical spine and spinal cord best, but also have a high sensitivity to artifacts in this orientation. Use of BLADE for axial imaging of the cervical spine in a previous study showed highly increased through-plane CSF-flow artifacts with impaired depiction of structures within the subarachnoid space [12] , leading to the authors' conclusion that the use of BLADE for axial orientation could not be generally recommended in this region. The aim of our study was to evaluate whether a BLADE sequence with an optimized setting of measurement parameters in axial orientation enables reduction or even elimination of CSF-flow artifacts compared to TSE and thereby improves the detection of the spinal cord and spine lesions in the upper spine region. For this purpose we evaluated image sharpness, reliability of spinal cord depiction, CSF-flow artifacts, delineation of the neural foramina and vertebral disc comparing axial T2 TSE with an optimized axial BLADE sequence with identical geometrical parameters.
Methods
!
Patients
In this prospective study 58 consecutive patients (32 men and 26 women) with an average age of 54 years (± 17 years) (range from 17 -86 years), referred for MRI of the cervical spine received T2WI in axial orientation with TSE and BLADE images. The study was approved by the institutional review board. All patients were referred for workup of miscellaneous neurological symptoms. Findings were judged on the complete clinical MR examination as well as symptoms, medical charts and/or follow-up examinations. For patients with more than one lesion, the reviewers chose the most relevant one with respect to the clinical information available for the patient. The examinations resulted in 31 discal lesions (disc herniation or protrusion), 16 bony lesions (sponylarthrosis deformans, uncovertebral arthrosis, spinal canal stenosis) and 11 spinal cord lesions (myelopathy and ED lesions).
MR examination
All images were acquired on a 1.5 T imager (Magnetom Avanto Siemens, Erlangen, Germany) with a combination of head, neck and spine array coils. The gradient system had a 45 mT / m maximum gradient field strength and a 200 T / m / s slew rate. Axial T2 TSE and BLADE were performed in a randomized order without repetition of sequences even if the image quality was insufficient. After sagittal T2 and T1WI, axial TSE and BLADE sequences were planned over the region most suspicious for the clinical problems of the patient. Both sequences had a slice thickness (SD) of 4 mm with a slice gap of 10 % and identical geometrical parameters with a field of view (FOV) of 190 × 190 mm and matrix size of 320 × 320. The TSE sequence with conventional k-space filling was performed in axial orientation with TR 4100 ms and TE 97 ms and BLADE with rotating partially overlapping lines k-space filling with TR 3000 ms and TE 98 ms, respectively. Detailed information about the sequence parameters is given in • " Table 1 . In addition to the study sequences, sagittal T2 TSE and short TI inversion recovery (STIR) as well as sagittal T1WI without administration of contrast were acquired. In some cases contrast-enhanced T1WI in sagittal and axial orientation was added depending on the pathology revealed. Neuroradiology 103
Image evaluation
Blinded to imaging technique as well as to patient data, medical history or additional MR images, three independent readers assessed the study criteria. Reader 1 (T. F.) was an experienced neuroradiologist with more than ten years of experience, reader 2 (S. L.) was a resident radiologist with two years of experience in MRI and reader 3 (C. W.) a neuroradiologist with two years of experience in neuro -MRI. All readers evaluated the images qualitatively by judging axial TSE and BLADE in a randomized order, blinded to any information regarding sequence type. Correlation with sagittal T2WI was possible. All readers were allowed to choose optimal window and level settings based on their own judgment. The system they used for grading image quality was on a scale from 1 to 5 (1: excellent, without any impairment of image quality / 2: good, with only minimal impairment of image quality / 3: moderate, showing artifacts which diminish image quality but are still diagnostic / 4: poor, with severe impairment of image quality and limited diagnostic reliability / 5: non-diagnostic, artifacts/alterations are too severe to make a diagnosis). They assessed the following features: Image sharpness, diagnostic reliability of spinal cord depiction, CSF-pulsation artifacts, depiction of neural foramina. Furthermore, delineation of lesions concerning the vertebral disc (disc protrusion or herniation), the bones (as narrowing of the spinal canal or the neural foramina in axial orientation) and the spinal cord (myelopathy or ED lesions) were registered. In a second session the readers were asked which sequence they would prefer for diagnostic workup of the specific lesion in side by side comparison of axial BLADE and TSE. They also could grade both sequences as being equal.
Statistical analysis
All statistical calculations and tests were performed using the SPSS software (version 19.0 IBM SPSS Statistics, Armonk, New York, USA). Results of the visual evaluation for TSE and BLADE were compared with the sign test and χ 2 test. P-values < 0.05 were considered statistically significant. Fig. 3 ) in the subdural/subarachnoid space related to CSF-flow effects occurred at a similar extent in BLADE and TSE ( • " Table 2 ) leading to nearly identical values without any preference for one sequence (p = 1.0).
Differentiation between intra-foraminal nerve root and surrounding fatty tissue was easier in BLADE than TSE leading to a preference for BLADE in 22 -58 % of the cases, whereas TSE was only favored in 3 -12 % ( • " Fig. 1, 2) . Fig. 1 Sagittal T2 BLADE image a in a non-cooperating patient with degenerative disc disease level C5/6 and C6/7 and marked motion artifacts in axial T2-TSE b leading to obscuration of anatomic structures at level C6/7. Axial T2 BLADE sequence c shows through-plane flow-related CSF artifacts and median disc protrusion with good delineation of the spinal cord and anatomic structures compared to T2-TSE. 
Abb
. 1 Sagittale T2-BLADE-Bilder a bei eingeschränkt kooperationsfähigem Patienten mit degenerativen Veränderungen auf Höhe HWK 5/6 und 6/7 und ausgeprägten Bewegungsartefakten in den axialen T2-TSE b Schichten. Diese führen zu schlechter Beurteilbarkeit der anatomischen Strukturen auf Höhe HWK 6/7. Die axiale T2-BLADE-Sequenz c zeigt trotz "Through plane"-Artefakte im Liquor eine mediane Bandscheibenprotrusion sowie eine gute Beurteilbarkeit des Myelons und der umgebenden anatomischen Strukturen im Vergleich zur T2-TSE.
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With regard to lesion detection, evaluation was subdivided into three major "pathologies" responsible for the patients' clinical presentation. Disc herniation (n = 31) and spinal cord lesions (n = 11) showed a superiority of BLADE imaging without significance but with rather high percentages (disc herniation: 39 -59 %; spinal cord lesions: 72 -82 %) compared to TSE (disc herniation: 13 -29 %; spinal cord lesions: 19 -27 %). The bony lesions (n = 16) were better visualized with BLADE in 69 -75 % of all cases resulting in a statistically significant difference of BLADE compared with TSE.
• " Table 3 shows a comparison of how often BLADE or TSE was graded as not diagnostic (grade 5) or with limited diagnostic reliability (grade 4). Regarding all evaluated criteria, BLADE was rated as non-diagnostic (for CSF-flow artifacts) only once, whereas the readers graded up to 9 TSE examinations as non-diagnostic (grade 5). Furthermore, the number of images with limited diagnostic reliability (grade 4) was considerably higher for TSE ( • " Table 3) . In a second part of the visual evaluation, each reader compared BLADE and TSE side by side and stated which of them he would prefer for clinical imaging or if he would grade both as equal. BLADE was preferred in 39/38/28 (reader 1 / reader 2 / reader 3) of 58 patients, whereas TSE was favored only in 5/9/10 patients in direct comparison. In 14/11/20 patients both were rated as equal, resulting in a significant superiority (p < 0.001/p < 0.001/p = 0.016) of BLADE in this section of the evaluation for all readers. Fig. 3 Disc protrusion in sagittal T2 BLADE a with corresponding axial images at level C5/6. In axial T2 TSE b differentiation between spinal cord and subdural CSF is difficult. Flow-related CSF artifacts as well as motion artifacts obscure anatomic boundaries in this sequence type, whereas axial BLADE c depicts the spinal cord and its transition to CSF space with higher confidence. Additionally, lateral recesses show only minor flow-related CSF changes in BLADE c.
Abb. 3 Bandscheibenprotrusion in der sagittalen T2-BLADE a mit den jeweils korrespondierenden axialen Bildern auf Höhe HWK 5/6. In den axialen T2-TSE b Bildern ist die Abgrenzung zwischen Myelon und Liquor nur schwierig möglich. Flussassoziierte Liquorartefakte und Bewegungsartefakte verwischen bei dieser Sequenzwahl die anatomischen Grenzen, wohingegen die axiale T2-BLADE c das Myelon und seine Abgrenzung zum Liquor deutlicher und klarer zeigt. Zusätzlich sieht man auch weniger flussbedingte Liquorartefakte in den lateralen Abschnitten, Richtung Neuroforamen. [12] . It improved the overall image quality and depiction of spinal lesions as well as the depiction of surrounding structures in sagittal orientation [10] . With regard to lesion detection, the diagnostic reliability of spinal cord depiction and the reduction of artifacts are of paramount clinical importance. BLADE proved its benefits in sagittal orientation in the cervical as well as in the lumbar region [9, 10] . Its application was furthermore beneficial in axial orientation in the lumbar spine [9] . However, in previous studies of the cervical spine, the use of rotating k-space coverage in the PROPELLER/ BLADE technique with its repeated measurement of the central k-space area resulted in a remarkable increase in CSF-flow artifacts in axial orientation [12] . This is because these sequences are able to compensate "in-plane" motion but not "out-of-plane" or "through-plane" movement such as CSF-flow in sagittal direction in axial plane (which is much less pronounced in the lumbar region compared to cervical or thoracic levels). At least, in the cervical region T2-BLADE in axial orientation led to blurring of the subarachnoid space due to superimposed CSF flow effects and thereby degraded results in the evaluation of this area compared to TSE. Nevertheless, for spinal cord depiction axial BLADE was better than TSE but without significance in the cervical spine [12] . Normal CSF shows low signal intensity on T1WI and high signal intensity on T2WI. Depending on various factors (e. g. pulsation of heart and vessels, breathing, width of the spinal canal, examined region) however, the CSF signal is altered by flow phenomena which result in a mostly dark signal on T2 which can significantly compromise image interpretation [15] . In the upper cervical spine CSF flow rates can reach up to 40 % of rates seen in the internal carotid arteries [16] causing significant motion-related alterations in CSF signal. These effects are more pronounced the faster the flow, the thinner the slices and the longer TE. Furthermore, they are maximized in the image plane perpendicular to the flow and for these reasons are mostly seen in the axial plane with predominance in the cervical and thoracic spine [15] .
There are different strategies to reduce CSF artifacts including techniques to reduce time of flight and flow-related enhancement effects as well as increased numbers of excitations (prolonging scan time) or swapping of the phase and frequency encoding directions [17] . In this study, we compared T2 BLADE imaging of the cervical spine in axial orientation with our optimized T2 TSE and found that BLADE with appropriate selection of measurement parameters did improve image quality and lesion depiction without aggravation of CSF-flow artifacts seen in previous studies. Prior to patient examination, we conducted a pilot study with 4 different BLADE sequences on 15 healthy volunteers to find an optimized axial T2 BLADE by modification of different parameters including ETL, number of concatenations (1 or 2), through-plane flow compensation, and BLADE coverage. Geometric parameters were matched in BLADE and TSE to facilitate the comparability of both sequences. Sequence-specific parameters like read out bandwidth were not modified. High BW and long ETL are mandatory for sufficient and fast coverage of the k-space center in BLADE. Acquisition of TSE with a similar bandwidth as BLADE would significantly reduce the SNR (signal-to-noise-ratio) or on the other hand marked increase in acquisition time would be necessary to maintain a sufficient SNR. Using a fixed BW and ETL, BLADE was adjusted to reach a similar TE as in the TSE sequence. The application of two concatenations was chosen for two reasons: First the use of only one concatenation in the pilot study with healthy volunteers resulted in inferior image quality compared to the application of two. Second, a minimal TR (or otherwise a maximum number of slices for a given TR) cannot be realized with BLADE due to a relatively high specific absorption rate.
In our pilot study we evaluated different strategies to improve image quality and artifact reduction. Application of flow compensation in slice direction showed no improvement, while increased BLADE coverage in the different study sequences did significantly improve image quality. We evaluated BLADE coverages from 118.2 % to 185.7 % with the best image quality at 185.7 %, which we used for further evaluation in the patient study. After modification and sequence optimization in the axial plane ( • " Table 1 ), the disadvantage of increased CSF-flow artifacts by through-plane motion could be reduced without alteration of the remaining BLADE-specific advantages. In contrast to the results of Ragoschke et al. [12] , we did not find an increased obscuration of subdural space by CSF-flow artifacts in regions of spinal canal stenosis or vertebral disc protrusions with the sequences used in this study. CSF flow artifacts were similar or even sometimes reduced compared to T2 TSE. Together with better depiction of the spinal cord, vertebral discs and surrounding tissue, BLADE enabled improved visualization of the subdural/ subarachnoid and epidural space resulting in far fewer images rated as "non-diagnostic" or of "poor quality". All three readers preferred BLADE for axial T2 imaging of the cervical spine in the majority of cases -similar to previous studies concerning sagittal T2 BLADE [10 -12] . Rotating k-space sampling works for uncooperative patients in which case BLADE eliminates patient movement artifacts as well as for cooperative individuals in which case it erases pulsation, Gibbs and susceptibility artifacts [10, 13] in plane. As we could optimize sequence parameters for axial BLADE, they did not show increased CSFflow artifacts through-plane, which spoiled the benefits of this sequence type (reduced overall artifacts and better image quality) in previous studies [12] . Therefore, axial T2 BLADE in this application can be recommended even for the delineation of subarachnoid pathologies at least with a 1.5 T scanner. However, as shown in previous investigations, the use of sequences with rotating k-space sampling results in better SNR values in bone marrow, vertebral discs, neural roots and fatty tissue [9, 10] easing the differentiation of pathological conditions. This is mostly attributed to the significant reduction in motion and flow artifacts compared to conventional k-space sampling sequences. Neuroradiology 107
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The disadvantage of the sometimes longer acquisition time of BLADE sequences is overcome in the daily routine because repetition of sequences becomes unnecessary in many cases. By using BLADE sequences, patient comfort can be enhanced and overall examination time can be shortened while yielding better image quality. In our study the readers graded 2/1/3 of the TSE examinations as non-diagnostic (grade 5) for overall image sharpness and 1/4/3 for lesion depiction, while none of the BLADE sequences received this grading. Only 1 BLADE received grade 5 for CSFflow artifacts as well as TSE in this patient ( • " Table 3) . With regard to grade 4 ratings (poor image quality with limited diagnostic reliability), BLADE performed much better than TSE. We would therefore recommend the clinical use of axial BLADE, especially in uncooperative patients, but even see the potential to replace TSE in standard imaging protocols at least for the described 1.5 T system. We share the expectation as previously stated by Lavdas et al. [9] that the use of BLADE/PROPELLER sequences in the thoracic spine will be of substantial value in the reduction of several motion artifacts including breathing, cardiac pulsation and CSF flow. Visual assessment of BLADE and TSE was done by three readers having rather different experience in MRI. Reader 1 was an experienced neuroradiologist, reader 2 was a radiological resident with two years of experience in MRI and reader 3 was a resident with two years of experience in neuro-MRI. Nevertheless, their independent image evaluation gave similar results for all criteria in favor of the BLADE technique ( • " Table 2 and 3) showing that axial T2-weighted BLADE imaging of the cervical spine is a reliable and robust technique independent of the interpreter's experience. There are several limitations of the study despite its prospective design: The number of lesions within the spinal cord is rather small and includes no neoplastic or hemorrhagic lesions. Therefore, the diagnostic value of axial T2 BLADE has to be confirmed in a larger variety and number of lesions and patients need to approve its status as a real contender to standard T2 TSE. For this reason, whenever applicable, we would recommend performing axial T2 BLADE adjunctive to an optimized T2 TSE to make it comparable for different pathologies, to learn about its performance on user-specific scanners and to evaluate its potential as a real competitor to optimized axial T2 TSE. The results reported in this study represent the findings on one specific type of MR scanner with its specific hardware and software. Scanners of different producers or with higher or lower field strengths as well as vendor specific implementations of these sequences (e. g. PROPELLER, MULTIVANE) might yield different results. Therefore, the results of this study should be validated on the specific scanner before use.
Conclusion
! Sagittal T2-weighted imaging of the cervical spine has proven to benefit from the use of BLADE/PROPELLER sequences, while in axial orientation the subdural space was blurred by pronounced CSF-flow artifacts. An optimized parameter setting of the axial T2 BLADE sequence decreases this problem of increased throughplane CSF-flow artifacts. It yields better overall image quality and lesion detection and CSF visualization is at least equivalent to TSE. Therefore, BLADE reduces the number of non-diagnostic examinations. Thus, we would recommend applying the optimized axial T2-weighted BLADE sequences for imaging of the cervical spine at least in patients not able to cooperate sufficiently. It might even have the potential to replace axial T2 TSE in routine protocols of cervical spine imaging in the future. 
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